junctional marker (ZO-1) and non-significantly increased expressions of the trophic factor nerve growth factor as well as norepinephrine. Conclusions Our findings reveal that chronic ischemia alters a number of proteins within the UT and underlying LP. These proteins are involved in barrier function, remodeling, repair as well as intercellular communication. The increased expression of LP-vimentin-IR cells suggests that changes in cell-cell interactions could play a role in ischemia-induced changes in bladder activity.
Introduction
The prevalence of bladder dysfunctions, such as lower urinary tract symptoms (LUTS) including the overactive bladder (OAB) syndrome, increases due to normal aging and in various disorders such as hypertension and diabetes, which are reported to be associated with reduction in urinary bladder blood flow (chronic bladder ischemia) [1] . There are also reports of decreased bladder perfusion in patients with LUTS and that the administration of α 1 -adrenoceptor (AR) antagonists significantly improves blood flow and reduces patient symptoms [2] .
A number of animal models (such as partial outlet obstruction or atherosclerosis-induced bladder ischemia in rodents and rabbits) have been used to study mechanisms underlying ischemia-induced bladder dysfunction [3] [4] [5] . These studies have reported increased bladder activity and elevated cytokines as well as markers for oxidative stress. A reduction in oxygen tension in the bladder may be linked with changes in bladder nerves and markers for apoptosis.
Abstract
Purpose The objectives of this study were to examine the expression of various cellular proteins within the urothelium (UT) and lamina propria (LP) following chronic bladder ischemia in the rat urinary bladder. Materials and methods Urinary bladders were removed from adult Sprague-Dawley rats 8 weeks after creation of bladder ischemia and from sham controls. Immunocytochemistry was used to examine distribution of LPvimentin-immunoreactive (IR) cells and connexins (Cx26; Cx43), and western immunoblotting or ELISA for proteins involved in UT barrier and sensory functions. Results Ischemia was associated with a significant increase in LP-vimentin-IR cells and increased expression of the gap junction proteins Cx26 and Cx43 within the bladder UT as compared to sham control. Ischemia also resulted in an increased (p < 0.05) expression level of the Urinary bladders from patients with bladder overactivity (and periodic ischemic episodes) have been shown to exhibit a patchy innervation that has been linked with increased activity [6] .
The urinary bladder urothelium (UT) is a highly efficient barrier and thus plays a very important role in maintenance of normal bladder function [7, 8] . Though the UT maintains a tight barrier to ion and solute flux, a number of factors including mechanical or chemical trauma, hormonal changes as well as hypoxia and ischemia are able to modulate the barrier function. For example, short-term (1/2-2 h) induction of experimental ischemia in rodents has been shown to result in increased permeability of the bloodurine barrier with associated urothelial damage [9] . However, there is little information as to how chronic hypoxia or ischemia alters the properties of the UT and lamina propria (LP). In this pilot study, we utilized our previously described model of chronic bladder ischemia in the rat [4] and characterized the expression of some cellular proteins that may be involved in maintaining urothelial barrier (and sensory) functions. In addition, we examined the distribution of vimentin-immunoreactive (IR) cells within the LP, which may constitute a link between the UT and underlying bladder nerves.
Materials and methods

Animals
Bladder samples from the lateral wall were obtained from adult (16-week old) Sprague-Dawley male rats that had been subjected to arterial injury for the characterization of a chronic ischemia model [4, 10] . In brief, rats underwent mechanical endothelial injury of the iliac arteries: an air-filled balloon catheter was inserted into and subsequently withdrawn from the common iliac artery via the femoral artery. The procedure was repeated 10 times on each side. The animals also received a 2 % cholesterol diet for 8 weeks. These rats (termed ischemia rats, n = 10) developed neo-intimal hyperplasia and vascular occlusion of the common iliac arteries, reduced bladder blood flow, morphological changes in the bladder wall and functional changes, as described previously [4, 10] . The controls (n = 10) were incised bilaterally in the inguinal region without balloon endothelial injury and received a regular diet for the same period.
Immunohistochemistry
Excised urinary bladders were embedded in optimum cutting temperature compound (Tissue-Tek OCT, Sakura Finetek, Torrance, CA), snap frozen and stored at −80 °C. Serial cryosections (6 µm) were mounted onto microscope slides (Fisher Scientific, Pittsburgh, PA), fixed (4 % paraformaldehyde) and washed in phosphate buffered saline (PBS). The slides were incubated with permeabilizing/ blocking solution (0.5 % Triton X-100 and 10 % goat or donkey serum in PBS) prior to incubation with primary antibodies. These include incubation with mouse monoclonal vimentin (Sigma-Aldrich, St. Louis, MO; 1:500), goat polyclonal Cx26 (Abcam; Cambridge, MA, 1:1,000) or mouse monoclonal Cx43 (Millipore, Billerica, MA; 1:1,000), and control experiments were done by eliminating the primary antibody. Co-localization studies were conducted using rabbit polyclonal cytokeratin 17 (CK17, Abcam, Cambridge, UK; 1:2,000). The tissue was washed with PBS and incubated with the fluorophore-tagged secondary antibodies (2 h): donkey anti-mouse Alexa Fluor 555 (1:1,000) for vimentin and Cx43, a donkey anti-goat Alexa Fluor 555 (1:1,000) for Cx26 and a donkey antirabbit Alexa Fluor 488 (1:2,000) (Life Technologies, Carlsbad, CA) for CK17. Nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole, Life Technologies; 1:2,500). The slides were mounted in medium ProLong Gold Antifade Reagent (Life Technologies) and imaged on a BX-62 Olympus upright fluorescent microscope using CImaging software (Hamamatsu Photonics, Bridgewater, NJ). Background immunofluorescence was assessed in the absence of primary and secondary antibodies.
We assessed the number of vimentin-IR cells that were also DAPI positive within a fixed area (100 µm × 50 µm) in the suburothelium. The expression of connexins (Cx26; Cx43) was analyzed and quantified within a demarcated region (50 µm × 20 µm) within the urothelium/suburothelium using ImageJ software (http://rsb.info.nih.gov) whereby the tissue sections were converted into black-and-white bitmap after color filtration to render images for the Cx alone. The relative area of Cx labeling (red) was measured in relation to the number of nuclei (DAPI, blue); all values were reported as an average of at least twenty micrographs per bladder.
Western immunoblotting and ELISA
The urinary bladder mucosa was dissected from the underlying smooth muscle tissues and homogenized in HBSS (5 mM KCl, 0.3 mM KH 2 PO 4 , 138 mM NaCl, 4 mM NaHO 3 , 0.3 mM Na 2 HCO 3 , 0.3 mM Na 2 HPO 4 , 5.6 mM glucose and 10 mM Hepes, pH 7.4) containing complete protease inhibitor cocktail (1 tablet/10 ml, Roche, Indianapolis, IN) and phosphatase inhibitor cocktail (Sigma, 1:100). The homogenate was centrifuged (13,000 rpm; 15 min), and the membrane protein fraction was prepared by suspending the membrane pellets in lysis buffer (0.3 M NaCl, 50 mM Tris-HCl, 0.5 % Triton X-100) and the same concentration of protease inhibitors as above. The suspensions were incubated on ice and centrifuged (13,000 rpm; 15 min), and the protein concentrations of the combined supernatants were determined using the Pierce BCA Protein Assay (Thermo Scientific, Rockford, IL).
After denaturation (100 °C for 5 min), lysate from each sample was separated on an SDS-PAGE gel using a standard Western protocol [11] . Proteins were transferred to polyvinylidene fluoride membranes, blocked with 5 % Milk TBS-T (1 h), rinsed in TBS-T and incubated (overnight at 4 °C) with primary antibodies diluted in 5 % Milk TBS-T. The antibodies used were CK17 (48 kDa, Abcam; 1:2,000), zona occludens-1 (ZO-1) (220 kDa, Millipore; 1:2,000), uroplakin III (UP3) (47 kDa, American Research Products, Waltham, MA; 1:500) and vascular endothelial growth factor (VEGF, 43 kDa, Abcam; 1:1,000). The membranes were then incubated with HRP-secondary antibodies (Santa Cruz, Dallas, TX) for 1 h, developed with WesternBright (Advansta, Menlo Park, CA) and exposed to X-film. The volume of each band was determined using a Personal Densitometer SI (Molecular Probes, Carlsbad, CA). The membranes were stripped using a membrane recycling kit (Alpha Diagnostic International, San Antonio, TX) and reprobed overnight with rabbit anti-β-actin (47 kDa, Abcam; 1:200,000) as a loading control. Single immunoreactive bands were observed for the targets aforementioned.
The levels of nerve growth factor (NGF) and norepinephrine (NE) were measured using ELISA. Equal amounts of whole cell lysates for NGF ELISA were acidified (1 N HCl, pH 2.0-3.0) after dilution with 4 volumes of D-PBS (0.02 % KCl, 0.8 % NaCl, 0.02 % KH 2 PO 4 , 0.115 % Na 2 HPO 4 , 0.0133 % CaCl 2 · 2H 2 O and 0.01 % MgCl 2 · 6H 2 O, pH 7.35, Sigma). The samples were assayed using ELISA commercial kits (NGF: Promega, Madison, WI) (NE: LDN, Nordhorn, Germany) according to manufacturer instructions. Plates were read at 450 nm using a SpectraFluor Plus (Tecan, Maennedorf, Switzerland).
Statistical analysis
Values are shown as the mean ± SEM and were analyzed using Student's t test, and p < 0.05 was considered to be statistically significant.
Results
Effect of ischemia on Cx distribution within the urothelium and suburothelium
A number of studies have demonstrated alterations in connexin expression in bladder pathologies such as spinal cord injury that may contribute to altered bladder activity [12] .
We measured expression of Cx26, associated with the UT and also Cx43 that has been associated with suburothelial interstitial cells. The relative area of Cx labeling (red, see Fig. 1a-d) was measured in relation to the number of nuclei (DAPI-blue) within the same field to record any relative changes in Cx within the bladder relative to cell number. Cx26 was expressed within the urothelial layers, with increased intensity of staining in the ischemic bladder as compared to control (Fig. 1a, b) . The data for both Cx26 and Cx43 were examined and quantified by analyzing a specific area (example indicated within the white-dotted line), and recording percent area of Cx labeling normalized to the number of DAPI-labeled nuclei to account for variability in cell density. Table 1 represents the mean change in Cx26 expression within the UT in ischemia versus control groups. Cx43 label was observed in both the UT as well as underlying suburothelium. Figure 1c, d is representative of Cx43 staining in both normal and ischemic conditions. Similar to Cx26, the density of Cx43 labeling (percent area per DAPI-labeling particle) was significantly increased in the ischemic bladder versus that of control ( Table 1) .
Effect of ischemia on lamina propria vimentin-immunoreactivity (IR)
The distribution of vimentin-IR cells was examined within the LP in both control and ischemic bladders. Vimentin-IR cells had a typical morphology (Fig. 1) , many with several branches or processes that were more prevalent in ischemia. A typical 'stellate' shape in ischemia is indicated in Fig. 1f , which may be indicative of lamina propria interstitial cells (LP-IC) as described by others [13] . Omission of primary antibodies from the incubation buffer completely attenuated secondary antibody labeling (data not shown). In addition, the number of vimentin-positive cells for each field of view was counted and expressed per 100 µm 2 . The average number of vimentin-positive cells was significantly increased in ischemia compared with control ( Table 1) .
Effect of ischemia on expression of mucosal proteins
Because a number of chronic bladder conditions have been linked with alterations in the bladder barrier, we examined various structural and differentiation markers expressed within the mucosa. In chronic ischemia, the terminal differentiation marker uroplakin III (UP-III) remained unchanged relative to control (Table 1 ). In contrast, the tight junction protein ZO-1 or zonula occludens was significantly elevated in ischemia, which may suggest a reorganization that occurs following ischemic insult.
We also examined expression of the trophic factors nerve growth factor (NGF) that has been shown to be altered in pathology and may contribute to changes in bladder function with ischemic injury. We found a trend (though not significant) toward increase in NGF expression within the ischemic bladder mucosa (Table 1) . Similarly, we also found a trend toward decreased expression of norepinephrine (NE) in the ischemic bladder mucosa (Table 1) .
Discussion
The UT is distinguished from most other mammalian epithelia by having an extremely slow turnover, estimated at one cell division per cell per year [14] . However, regeneration of the UT is rapid and effective in order to maintain a barrier to urine following tissue injury [15] . Ischemia can rapidly mediate a breakdown of the mucosal layer as a permeability barrier [9] , probably by an effect on the on the cellular metabolism. The mucosa seems to have a higher sensitivity to ischemic insults that the rest of the bladder wall since the rate of glucose metabolism to lactic acid of the mucosa was more than threefold that of the smooth muscle [16] .
The induction of a chronic bladder ischemia in the rat by endothelial injury of the iliac arteries (combined with a 2 % cholesterol diet) results in high levels of oxidative stress markers and pro-inflammatory cytokines [10] . Although we did not directly measure the reduction in bladder blood flow in all animals, the degree of neo-intimal hyperplasia of the common iliac arteries was quantified and similar in the individual animals [4, 10] . This was taken as indicator ensuring that a relevant chronic ischemia had been created.
The current study revealed a number of changes within the UT and LP, which could play a role in the , b) , and the intensity of staining was significantly increased in the ischemic bladder (b) as compared to control (a). In contrast, Cx43 (red) labeled was observed in both the urothelium as well as underlying suburothelium (c, d). Similar to Cx26, the density of Cx43 in the urothelium was significantly increased in the ischemic bladder (d) as compared to control (c). The distribution of vimentin-IR cells (red) within the lamina propria and cytokeratin 17-IR cells (a marker for basal epithelial cells; green) was shown (e, f). The basal cells layer was partially broken in ischemia (red arrows, f). Vimentin-IR cells with typical 'stellate' shape in ischemia were indicated (yellow arrows, f), which may be indicative of lamina propria interstitial cells. The number of vimentin-positive cells that were also DAPI positive was significantly increased in ischemic (f) versus that of control (e). LU: lumen ischemia-associated bladder dysfunction. Though urothelial damage has been reported in response to acute (1/2-2 h) experimental ischemia [9] , less is known about effects of chronic ischemic or hypoxic effects on the UT. We found that chronic ischemia may lead to an increase in zonula occludens (ZO) protein-1, a component of both tight and adherens junctions, which is also expressed at sites of cell-cell contact. Increased ZO-1 expression has been reported in human melanoma [17] and during remodeling of cardiac gap junctions [18] . In addition, we also found significant increases in the gap junction proteins, connexins 26 and 43, within the UT following chronic ischemia. Changes in expression levels of connexins in both (animal and human) smooth muscle as well as UT have been reported in pathologies such as in the neurogenic or obstructed bladder and may be linked with detrusor overactivity [19] . Increased expression of these gap junction proteins may mediate changes in permeability and could provide a more efficient means for cell-to-cell communication within and between the UT and underlying structures.
The UT and underlying LP, which is composed of a number of cell types, are thought to function together as a signaling system [7, 20] . Within the LP, there exists a layer of spindle-shaped cells (often termed LP-interstitial cells or LP-ICs) that typically label positive for the intermediate filament marker vimentin and have close contacts with bladder nerves. Because these cells may constitute a structural and functional link between the UT and underlying sensory nerves, there has been speculation that the LP-IC cells may be involved in pathophysiology of various urinary tract disorders [7, 20] . In the present study, we find that chronic ischemia also affects the distribution and structure (increased cellular processes) of vimentin-immunoreactive (IR) cells within the suburothelium. It is also possible that the phenotype of these vimentin-IR cells may be altered in stressful conditions such as ischemia similar to that described in the neurogenic bladder [21] . Changes in the expression or number of these cells after an ischemic insult could also change the transduction of sensory signals in the bladder wall as well as in the maintenance of bladder and urothelial homeostasis. Taken together, it is likely that ischemia alters factors that can eventually result in a remodeling of structural proteins and altered synthesis and/ or release of mediators within the bladder mucosa that impact the barrier and sensory functions of the bladder.
Studies have shown that neurotrophins such as nerve growth factor (NGF) can facilitate gap junction communication by phosphorylation of connexin hemichannels [22] . Liang et al. [23] found decreased NGF immunofluorescence and elevated NGF mRNA in the bladder 1-4 weeks after bilateral ligation of the vesical arteries of female rats. We found no significant change in the expression of NGF in the ischemic bladder mucosa after 8 weeks of ischemia (even if there was a numeric increase), but it is possible that temporal changes in NGF levels could have been missed.
Sustained ischemia (4-6 h) has been shown to result in excessive release of NE, likely from a variety of sources [24] . We detected a non-significant decrease in the expression of NE within the bladder mucosa of chronic ischemic rats, and whether or not this may be of importance for the release NE from sympathetic terminals and possibly from other cells (such as the UT) can only be speculated on. Most probably, ischemic changes related to NE release may be decreased over time.
Conclusions
The present pilot study demonstrated that a reduction in urinary bladder blood flow (using our rat model for chronic ischemia) alters a number of proteins within the UT and underlying LP. Many of these proteins are involved in cellular communication and remodeling/repair mechanisms. Thus, the increased voiding frequency previously demonstrated using this same rat model for chronic bladder ischemia may, in part, involve altered expression of proteins involved in both sensory and barrier functions. This is likely to be important in a number of bladder conditions, including normal aging, whereby reduction in blood flow and oxygen tension may be an underlying factor associated with development of LUTS. To confirm and expand these observations, a larger study is needed. Such a study including further vascular damage by the addition of the NOS inhibitor L-NAME is underway. 
